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We study the motility-induced aggregation of active Brownian particles on a porous, circular
wall. We observe that the morphology of aggregated dense-phase on a static wall depends on
the wall porosity, particle motility, and the radius of the circular wall. Our analysis reveals two
morphologically distinct, dense aggregates; a connected dense cluster that spreads uniformly on the
circular wall, and a localized cluster which breaks the rotational symmetry of the system. These
distinct morphological states are similar to the transitions obtained in planar, porous walls. We
systematically analyze the parameter regimes where the different morphological states are observed.
We further extend our analysis to motile circular rings and show that the ring propels ballistically
due to the force applied by the active particles when the dense particle aggregates form a localized
cluster, thus spontaneously extracting effective work from the system.
I. INTRODUCTION
Active fluids that consist of self-motile elements are
known for their large-scale collective ordering. A large
class of such systems that occur in nature, such as bird
flocks, fish schools, and cytoskeletal filaments, display
both orientational and density ordering [1, 2]. On the
other hand, synthetic self-motile particles without shape
anisotropy show only density ordering [3, 4]. Such a den-
sity ordering caused by the aggregation of particles in
the absence of adhesive interactions is known as motility-
induced phase separation (MIPS) and have been exten-
sively studied theoretically [3–8], as well as validated in
experiments [9–17]. Although MIPS is a highly non-
equilibrium process, its qualitative similarities to equi-
librium liquid-gas phase separation have motivated the
formulation of an effective thermodynamic approach to
explaining this phenomenon. Such descriptions involve
formulations of pressure[18–27], surface tension[28–31],
and chemical potential[32–34], in the context of active
systems.
It has been shown previously that the presence of a
non-adhesive planar wall enhances the MIPS, since the
slowing down of active particles due to wall repulsion
leads to the nucleation of dense phase on the wall [18, 35–
37]. Since most of the micron-scaled active systems in
nature are confined [38], it becomes imperative to un-
derstand how the dynamics of these active particles get
modified in the presence of such walls[39]. It has been
shown recently that the wall-adhesion properties of active
particles can be utilized for sorting and trapping of such
particles, by effectively tuning the wall geometry [40–
44]. In addition, tuning the wall penetrability of parti-
cles also changes their properties near the wall, which has
potential applications in specific biomedical processes in-
volving drug delivery [45, 46]. In the case of non-planar
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FIG. 1. Observed variation in clustering behaviour at a fixed
radius of the circular wall R = 64, and Pe = 180 for different
values of pore sizes δ. Increasing values of δ cause the cluster-
ing on the ring to change from (a) a connected dense phase at
δ = 1.25 to (b) a localized cluster dominated by a single large
cluster at δ = 1.65 and finally (c) rapidly fluctuating small
clusters at δ = 1.95. The active particles are colored in red,
whereas the static obstacles are colored in blue.
walls, it has been shown that the wall curvature affects
the aggregation properties of active particles [26, 47, 48].
Because of the non-equilibrium nature of wall adhe-
sion, the active particles continuously propel, thereby
converting internal energy into mechanical work. This
property has recently inspired the formulation of active
work [49, 50], and proposed ways of extracting maxi-
mum work [50]. Similarly, a passive Brownian particle
immersed in a bath of active particles experiences ran-
dom drive due to the background activity. This property
has inspired studies of active heat engines both theoreti-
cally [51–54] and experimentally [55]. It has been shown
that curved [39, 56], and chevron shaped [57] passive trac-
ers which break the rotational symmetry can propel bal-
listically in an active bath, because of the asymmetry
in active particle accumulation on both of its sides. Re-
cent theoretical investigations are aimed to formulate the
design principles to optimize the shapes of such passive
tracers [58].
In this article, we numerically study the aggregation of
active particles on a non-adhesive circular wall in 2D. The
wall is made of circularly arranged particles, separated
by a distance of δ, thereby making the wall porous. We
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2find that the morphology of particle aggregates crucially
depends on the wall porosity. We observe two distinct
cluster morphology as the porosity is increased, one of
which spreads entirely along the wall, called connected
dense phase (CDP)(Fig 1(a)) and the other which do not
spread along the entire circumference of the wall, called
localized cluster, LC (Fig 1(b)). When the pore size is
much larger than the particle diameter, the aggregation
becomes insignificant (Fig 1(c)). Notably, the droplet
formation given in (Fig 1(b)) spontaneously breaks the
rotational symmetry of the system, despite the absence
of any shape anisotropy. This morphological difference in
clustering is more general property, as we have previously
investigated in the case of planar walls[59]. We also show
that for moderate porosity, the cluster disappears when
the radius of the circle is smaller than a threshold value.
We finally demonstrate that this breaking of rotational
symmetry in the case of droplet formation gives rise to a
propulsive motion of a non-static, porous circle, thereby
proposing a new way to extract work from the system
without any externally induced anisotropy. The rest of
the paper is organized as follows: We establish the model
of our system in the following section II. In section III,
we present our simulation results for both static and non-
static porous ring. We finally conclude with discussions
in section IV.
II. NUMERICAL MODEL
We consider a system containing N disk-shaped active
particles in 2D, which are enclosed in a square simulation
box of length L with periodic boundaries. The particles
interact via a repulsive and short-ranged WCA potential,
U = 4[(σ/rij)
12 − (σ/rij)6] where rij < 21/6σ and zero
otherwise [60], rij being the distance between particles i
and j. To model a porous circular wall, we arrange Nw
‘wall’ particles on a circle of radius R at a regular inter-
val of d in such a way that Nwd ' 2piR. Both R and d
are invariant throughout the simulation. The active par-
ticle interaction potential with the wall Uw is also short-
ranged repulsive in nature. For the sake of simplicity,
we assume Uw = U . The time evolution of ith particle
position ri is determined by the overdamped equation,
r˙i = Dβ (Fi + F
w
i ) + v0eˆi +
√
2Dηi, (1)
where Fi = −∇iU and Fwi = −∇iUw. D is the diffusion
coefficient, β = 1/kBT , and η is Gaussian white noise
such that 〈η(t)〉 = 0 and 〈ηiα(t)ηjβ(t′) = δijδαβδ(t− t′).
v0 denotes the self-propulsive speed of active particles,
and eˆi = (cos θi, sin θi) is the polarity vector, where θi
evolves as θ˙i =
√
2Drη
R
i , Dr = 3D, is the rotational
diffusion coefficient. We choose σ as the unit for dis-
tances, τ = σ2/D as the units of time, and kBT as the
unit of energy. We use the dimensionless Pe`clet number
Pe = v0σ/D to parameterize the activity, and δ = d/σ
is the dimensionless parameter for porosity. Previous
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FIG. 2. The time-averaged fraction of ABPs in the dense-
phase 〈Nc〉, as a function of the porosity δ at R = 64. Dif-
ferent curves represent different Pe. From the bottom on the
left, Pe = 120 (black), Pe = 150 (red), Pe = 180 (blue),
Pe = 210 (green), and Pe = 240 (orange). The symbol 
denotes continuous dense-phase,  denotes localized dense-
phase, and 4 represents negligible cluster formation.
studies have shown that the probability of MIPS in the
absence of wall is determined by the ABP motility via
Pe and the particle area fraction, φ = Na/L2, where
a = piσ2/4, the area of a single ABP [3, 4]. To focus on
the dense-phase formation only on the walls, we choose
φ = 0.3 for all our simulations, where we do not observe
MIPS in the bulk fluid.
We study two different systems, one in which the cir-
cular wall is static, and the second in which the wall
is motile, where center-of-mass of the wall is allowed to
translate. In the case of motile walls, we assume the cir-
cle to be able to translate and rotate like a rigid body,
in response to the active force and the torque applied
by the ABPs. Thus, we evolve the centre-of-mass of the
ring r˙cm = µ
∑
j −Fwj (t) where the vector summation
is over the number of wall particles and µ = Dβ/Nw,
the mobility of the circle, and Fw is the force due to
wall ABP interactions. Also, we calculate the net torque
τ (t) =
∑
j rj × Fwj (t) upon the ring, which is calculated
from the vector sum of the torque applied by individ-
ual ABPs. The orientation of the circle is defined by
the direction of a body-fixed unit vector, which is point-
ing to one of the specified wall-particles from the center,
denoted by the angle, Θ. The orientation Θ evolves ac-
cording to the relation, Θ˙ = γτ , where τ is the only
non-vanishing component of the torque vector, normal
to the plane of the circle. We ensure that the size of
the simulation box L > 2R in the case of both static as
well as motile walls. Keeping these constraints, we study
different systems in which N varies from N = 725 to
N = 11345 for static walls with R ranging from 16 to
64. For motile walls, we choose R = 64 and N = 11345.
We observe that for static walls, the aggregate converge
into a steady state at a relatively short time, t < 20.
3In this case, we run our simulations until t = 100 and
analyze the steady-state behaviour of the system. Each
parameter values are examined from 5 to 30 independent
simulations. However, for motile walls, the simulations
are performed till t = 4500 to calculate the dynamical
property of the system. For the system with static circu-
lar wall, we numerically study eq. 1 for values of Pe from
30 to 240, R from 16 to 64 and δ from 1.25 to 2.05 and
determine the characteristics of dense-phase morphology.
In the case of motile walls, we analyze the system for 40
independent runs, for various values of porosity and ABP
motility.
III. SIMULATION RESULTS
A. Aggregation of ABP’s on static circular walls
Our previous study on planar porous walls [59] has
shown that in the low porosity limit (δ < 1), the wall
is practically impenetrable for the ABPs, causing a uni-
form dense-phase formation on the surface. On the con-
trary, when δ  2, the wall permits ABPs to penetrate
through easily, causing minimal aggregation on the wall.
However, at the intermediate porosity, 1.0 < δ . 2.0 the
steric hindrance due to the wall is significant, while the
ABPs are still able to penetrate through, leading to inter-
esting morphological properties of aggregates. Thus, we
focus our analysis at this intermediate range. We observe
a similar behaviour in the case of circular walls, wherein
the intermediate range of porosity, the dense-phase un-
dergoes a transition from a connected dense-phase (CDP)
(Fig 1(a)) to a localized cluster (LC) (Fig 1(b)) as we in-
crease the wall porosity, tantamount to the morpholog-
ical transitions observed in the case of planar, porous
walls [59]. This transition has qualitative similarities
to wetting-dewetting transition observed at equilibrium
liquid-solid interfaces. We thus focus our analysis on
characterizing such transitions closely.
1. Effect of pore size and particle motility
To systematically study the change in dense-phase
morphology on a static ring as a function of Pe and δ,
we consider the ring to be of a fixed radius, R = 64,
and analyze the ABP aggregation for different δ and Pe.
We observe the formation of dense-phase clusters for a
range of values of Pe and δ. To quantify the dense-phase
formation, we assume that an ABP has adhered to the
wall if its separation from the wall particle is less than
the interaction cut-off, rcut = 2
1/6σ. Also, we define a
cluster as a collection of particles where each particle is
present within the interaction cut-off range, a distance
21/6σ, of at least another particle in that group. This
way, we compute the fraction of total ABPs, which are
part of the dense-phase cluster on the wall, called clus-
ter fraction Nc. We find that for Pe < 30, Nc ' 0 for
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<latexit sha1_base64="AU/vq+DAgMm1x9RhUc20aA7BJwY=">AAAB7XicbVBNS8NAEJ3Ur1 q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3n rg2QiUPOEm5H9NhIiLBKFqp3Q+5RDqo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1 n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4AkYyPHA==</latexit><latexit sha1_base64="AU/vq+DAgMm1x9RhUc20aA7BJwY=">AAAB7XicbVBNS8NAEJ3Ur1 q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3n rg2QiUPOEm5H9NhIiLBKFqp3Q+5RDqo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1 n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4AkYyPHA==</latexit><latexit sha1_base64="AU/vq+DAgMm1x9RhUc20aA7BJwY=">AAAB7XicbVBNS8NAEJ3Ur1 q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3n rg2QiUPOEm5H9NhIiLBKFqp3Q+5RDqo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1 n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4AkYyPHA==</latexit><latexit sha1_base64="AU/vq+DAgMm1x9RhUc20aA7BJwY=">AAAB7XicbVBNS8NAEJ3Ur1 q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3n rg2QiUPOEm5H9NhIiLBKFqp3Q+5RDqo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1 n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4AkYyPHA==</latexit>
 ✓
<latexit sha1_base64="H2bnMfaOh7yRKH0JtKS/UzB4kSo=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQtlsJ+3SzSbuTgql9Hd48aCIV3+MN/+N2zY HbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaZJMc2jwRCa6HTIDUihooEAJ7VQDi0MJrXB4O/NbI9BGJOoRxykEMesrEQnO0EqBfwcSGfVxAMi65Ypbdeegq8TLSYXkqHfLX34v4VkMCrlkxnQ8N8VgwjQKLmFa8jMDKeND1oeOpYrFYILJ/OgpPbNKj0aJtqWQztXfExMWGzOOQ9sZMxyYZW8m/ud1Moyug4lQaYag+GJRlEmKCZ0lQHtCA0c5toRxL eytlA+YZhxtTiUbgrf88ippXlQ9t+o9XFZqN3kcRXJCTsk58cgVqZF7UicNwskTeSav5M0ZOS/Ou/OxaC04+cwx+QPn8wdfh5HU</latexit><latexit sha1_base64="H2bnMfaOh7yRKH0JtKS/UzB4kSo=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQtlsJ+3SzSbuTgql9Hd48aCIV3+MN/+N2zY HbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaZJMc2jwRCa6HTIDUihooEAJ7VQDi0MJrXB4O/NbI9BGJOoRxykEMesrEQnO0EqBfwcSGfVxAMi65Ypbdeegq8TLSYXkqHfLX34v4VkMCrlkxnQ8N8VgwjQKLmFa8jMDKeND1oeOpYrFYILJ/OgpPbNKj0aJtqWQztXfExMWGzOOQ9sZMxyYZW8m/ud1Moyug4lQaYag+GJRlEmKCZ0lQHtCA0c5toRxL eytlA+YZhxtTiUbgrf88ippXlQ9t+o9XFZqN3kcRXJCTsk58cgVqZF7UicNwskTeSav5M0ZOS/Ou/OxaC04+cwx+QPn8wdfh5HU</latexit><latexit sha1_base64="H2bnMfaOh7yRKH0JtKS/UzB4kSo=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQtlsJ+3SzSbuTgql9Hd48aCIV3+MN/+N2zY HbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaZJMc2jwRCa6HTIDUihooEAJ7VQDi0MJrXB4O/NbI9BGJOoRxykEMesrEQnO0EqBfwcSGfVxAMi65Ypbdeegq8TLSYXkqHfLX34v4VkMCrlkxnQ8N8VgwjQKLmFa8jMDKeND1oeOpYrFYILJ/OgpPbNKj0aJtqWQztXfExMWGzOOQ9sZMxyYZW8m/ud1Moyug4lQaYag+GJRlEmKCZ0lQHtCA0c5toRxL eytlA+YZhxtTiUbgrf88ippXlQ9t+o9XFZqN3kcRXJCTsk58cgVqZF7UicNwskTeSav5M0ZOS/Ou/OxaC04+cwx+QPn8wdfh5HU</latexit><latexit sha1_base64="H2bnMfaOh7yRKH0JtKS/UzB4kSo=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQtlsJ+3SzSbuTgql9Hd48aCIV3+MN/+N2zY HbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaZJMc2jwRCa6HTIDUihooEAJ7VQDi0MJrXB4O/NbI9BGJOoRxykEMesrEQnO0EqBfwcSGfVxAMi65Ypbdeegq8TLSYXkqHfLX34v4VkMCrlkxnQ8N8VgwjQKLmFa8jMDKeND1oeOpYrFYILJ/OgpPbNKj0aJtqWQztXfExMWGzOOQ9sZMxyYZW8m/ud1Moyug4lQaYag+GJRlEmKCZ0lQHtCA0c5toRxL eytlA+YZhxtTiUbgrf88ippXlQ9t+o9XFZqN3kcRXJCTsk58cgVqZF7UicNwskTeSav5M0ZOS/Ou/OxaC04+cwx+QPn8wdfh5HU</latexit>
 ✓
2⇡
<latexit sha1_base64="Wr05E92IzKwcnrma0hmx8iyEzoA=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuwGQcugFpYRzAOyS5id 3CRDZh/M3BXCksbGX7GxUMTWf7Dzb5wkW2jigWEO55zLzD1BIoVGx/m2Ciura+sbxc3S1vbO7p69f9DUcao4NHgsY9UOmAYpImigQAntRAELAwmtYHQ99VsPoLSIo3scJ+CHbBCJvuAMjdS1jzPvBiQy6uEQzEW92MRplXqJmHTtslNxZqDLxM1JmeSod+0vrxfzNIQIuWRad1w nQT9jCgWXMCl5qYaE8REbQMfQiIWg/Wy2xYSeGqVH+7EyJ0I6U39PZCzUehwGJhkyHOpFbyr+53VS7F/6mYiSFCHi84f6qaQY02kltCcUcJRjQxhXwvyV8iFTjKMprmRKcBdXXibNasV1Ku7debl2lddRJEfkhJwRl1yQGrklddIgnDySZ/JK3qwn68V6tz7m0YKVzxySP7A+f wD2jZeS</latexit><latexit sha1_base64="Wr05E92IzKwcnrma0hmx8iyEzoA=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuwGQcugFpYRzAOyS5id 3CRDZh/M3BXCksbGX7GxUMTWf7Dzb5wkW2jigWEO55zLzD1BIoVGx/m2Ciura+sbxc3S1vbO7p69f9DUcao4NHgsY9UOmAYpImigQAntRAELAwmtYHQ99VsPoLSIo3scJ+CHbBCJvuAMjdS1jzPvBiQy6uEQzEW92MRplXqJmHTtslNxZqDLxM1JmeSod+0vrxfzNIQIuWRad1w nQT9jCgWXMCl5qYaE8REbQMfQiIWg/Wy2xYSeGqVH+7EyJ0I6U39PZCzUehwGJhkyHOpFbyr+53VS7F/6mYiSFCHi84f6qaQY02kltCcUcJRjQxhXwvyV8iFTjKMprmRKcBdXXibNasV1Ku7debl2lddRJEfkhJwRl1yQGrklddIgnDySZ/JK3qwn68V6tz7m0YKVzxySP7A+f wD2jZeS</latexit><latexit sha1_base64="Wr05E92IzKwcnrma0hmx8iyEzoA=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuwGQcugFpYRzAOyS5id 3CRDZh/M3BXCksbGX7GxUMTWf7Dzb5wkW2jigWEO55zLzD1BIoVGx/m2Ciura+sbxc3S1vbO7p69f9DUcao4NHgsY9UOmAYpImigQAntRAELAwmtYHQ99VsPoLSIo3scJ+CHbBCJvuAMjdS1jzPvBiQy6uEQzEW92MRplXqJmHTtslNxZqDLxM1JmeSod+0vrxfzNIQIuWRad1w nQT9jCgWXMCl5qYaE8REbQMfQiIWg/Wy2xYSeGqVH+7EyJ0I6U39PZCzUehwGJhkyHOpFbyr+53VS7F/6mYiSFCHi84f6qaQY02kltCcUcJRjQxhXwvyV8iFTjKMprmRKcBdXXibNasV1Ku7debl2lddRJEfkhJwRl1yQGrklddIgnDySZ/JK3qwn68V6tz7m0YKVzxySP7A+f wD2jZeS</latexit><latexit sha1_base64="Wr05E92IzKwcnrma0hmx8iyEzoA=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuwGQcugFpYRzAOyS5id 3CRDZh/M3BXCksbGX7GxUMTWf7Dzb5wkW2jigWEO55zLzD1BIoVGx/m2Ciura+sbxc3S1vbO7p69f9DUcao4NHgsY9UOmAYpImigQAntRAELAwmtYHQ99VsPoLSIo3scJ+CHbBCJvuAMjdS1jzPvBiQy6uEQzEW92MRplXqJmHTtslNxZqDLxM1JmeSod+0vrxfzNIQIuWRad1w nQT9jCgWXMCl5qYaE8REbQMfQiIWg/Wy2xYSeGqVH+7EyJ0I6U39PZCzUehwGJhkyHOpFbyr+53VS7F/6mYiSFCHi84f6qaQY02kltCcUcJRjQxhXwvyV8iFTjKMprmRKcBdXXibNasV1Ku7debl2lddRJEfkhJwRl1yQGrklddIgnDySZ/JK3qwn68V6tz7m0YKVzxySP7A+f wD2jZeS</latexit>
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<latexit sha1_base64="1/sYR4U1Q4HkPNA96CDwalV09/4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KoMegF 4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/rsvleuuFV3BrJMvJxUIEe9V/7q9mOWRlw hk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8w psjnRfn3fmYtxacfOYQ/sD5/AHrkY2L</latexit><latexit sha1_base64="1/sYR4U1Q4HkPNA96CDwalV09/4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KoMegF 4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/rsvleuuFV3BrJMvJxUIEe9V/7q9mOWRlw hk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8w psjnRfn3fmYtxacfOYQ/sD5/AHrkY2L</latexit><latexit sha1_base64="1/sYR4U1Q4HkPNA96CDwalV09/4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KoMegF 4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/rsvleuuFV3BrJMvJxUIEe9V/7q9mOWRlw hk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8w psjnRfn3fmYtxacfOYQ/sD5/AHrkY2L</latexit><latexit sha1_base64="1/sYR4U1Q4HkPNA96CDwalV09/4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KoMegF 4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/rsvleuuFV3BrJMvJxUIEe9V/7q9mOWRlw hk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8w psjnRfn3fmYtxacfOYQ/sD5/AHrkY2L</latexit>
(a)
<latexit sha1_base64="OgmmF/uTRgUZiC88x4RBtPBzJJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXko igh6LXjxWtB/QhjLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCS5Z03AjWCdRDKNAsHYwvp357SemNI/lo5kkzI9wKHnIKRorPVTxvF+uuDV3DrJK vJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/dUrOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1NBlwxasTEEqSK21sJHaFCamw6JRuCt/zyKmld1Dy35t1fV uo3eRxFOIFTqIIHV1CHO2hAEygM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gCIq41K</latexit><latexit sha1_base64="OgmmF/uTRgUZiC88x4RBtPBzJJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXko igh6LXjxWtB/QhjLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCS5Z03AjWCdRDKNAsHYwvp357SemNI/lo5kkzI9wKHnIKRorPVTxvF+uuDV3DrJK vJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/dUrOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1NBlwxasTEEqSK21sJHaFCamw6JRuCt/zyKmld1Dy35t1fV uo3eRxFOIFTqIIHV1CHO2hAEygM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gCIq41K</latexit><latexit sha1_base64="OgmmF/uTRgUZiC88x4RBtPBzJJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXko igh6LXjxWtB/QhjLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCS5Z03AjWCdRDKNAsHYwvp357SemNI/lo5kkzI9wKHnIKRorPVTxvF+uuDV3DrJK vJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/dUrOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1NBlwxasTEEqSK21sJHaFCamw6JRuCt/zyKmld1Dy35t1fV uo3eRxFOIFTqIIHV1CHO2hAEygM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gCIq41K</latexit><latexit sha1_base64="OgmmF/uTRgUZiC88x4RBtPBzJJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXko igh6LXjxWtB/QhjLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epoqxJYxGrToCaCS5Z03AjWCdRDKNAsHYwvp357SemNI/lo5kkzI9wKHnIKRorPVTxvF+uuDV3DrJK vJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/dUrOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1NBlwxasTEEqSK21sJHaFCamw6JRuCt/zyKmld1Dy35t1fV uo3eRxFOIFTqIIHV1CHO2hAEygM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gCIq41K</latexit>
(b)
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FIG. 3. (a) The angular spread of the dense-phase, ∆θ/2pi
on the wall as a function of δ for different values of Pe.
∆θ/2pi ' 1 indicates the formation of CDP. The schematic
represents the definition of ∆θ. (b) Local ABP density as a
function of the radial distance, φ(r), from the centre of the
circle, shown for three different aggregation behavior corre-
sponding to different wall porosity at Pe = 150.
all values of δ. However, for larger Pe, Nc reaches a
steady non-zero value for a range of δ, within a short
time (t < 20). In Fig 2 we show the Nc averaged over
the steady-state values, as a function of δ for different Pe.
We find that for δ . 1.5, Nc saturates at a large value
(0.55-0.7), with more than half of the ABPs becoming
a part of the dense-phase. At this regime, Nc is weakly
dependant on the value of δ for all Pe. A qualitative
examination reveals that the aggregate on the wall forms
a CDP at this range of δ. However, for δ & 1.55, Nc
abruptly decreases to a lower value, where the number of
ABPs in the dense-phase reduces to less than half of the
total amount. We qualitatively observe the formation of
a localized cluster for this range. When δ > 1.9, Nc de-
creases rapidly again, indicating negligible dense-phase
formation on the wall with Nc ' 0.
To draw a quantitative distinction between different
dense-phase morphology, we calculate the normalized an-
gular spread, ∆θ/2pi of the dense-phase on the circular
wall. To calculate this quantity, we identify the largest
cluster made of ABP using the cluster definition defined
previously and locate the edge of the cluster on the wall
where the cluster thickness drops abruptly. Such edges
do not exist for CDP where ∆θ = 2pi. In Fig 3(a) we
plot ∆θ/2pi as a function of δ for different Pe. When
δ < 1.6, the dense-phase form a CDP on the circular
4wall, where ∆θ/2pi = 1 for large enough ABP motility
(Pe > 30). Around δ ' 1.6, we observe a transition
from CDP to LC where ∆θ decreases abruptly from 1
to a lower value (Fig. 3(a)). In this regime, the angular
spread is 0.2 to 0.4. This transition is consistent with
the qualitative observation in Fig 2. Further increasing
the pore size δ > 1.85, we find that the previously ob-
served single prominently large cluster disappears with
θ/2pi . 0.2 and the ring circumference is covered by very
small clusters of rapidly fluctuating sizes. We also note
the observation, as previously predicted, that for a very
low value of Pe = 30, the system behaves similarly to
passive Brownian particles and do not show significant
aggregation.
We also calculate the local ABP density as a func-
tion of the radial distance r from the centre of the circle,
φ(r,∆r) = N(r)/4pi
(
(r+∆r)2−r2), with N(r) being the
number of particles in the shell between r and r + ∆r.
As shown in in Fig 3(b), we examine three values of δ,
which show distinct aggregation properties, at Pe = 150.
For all these values of δ, we observe φ(r) reaches a max-
imum as r → R. The peak value of φ is highest when
the wall porosity is small, where the aggregate form a
CDP. In this regime, there is a dip in φ(r) at r = R,
since a less porous wall does not permit any ABPs on
its radial position. For higher porosity (δ = 1.75), the
form of φ(r) is relatively broader, while its peak becomes
significantly smaller. This can be understood as for the
LC, the radial width of the aggregate is higher compared
to the clusters in the CDP phase. Also, in this case,
ABPs forming the largest cluster (in LC form) is lesser
compared to the CDP cluster, therefore the density away
from the wall is also relatively higher. Beyond δ = 1.95,
the local density is nearly constant with a peak at R. As
noted from Fig 3(b) with only a few particles in clusters,
the localized distribution of particles φ(r) is more evenly
distributed.
The change in morphology of ABP dense-phase around
δ ' 1.6 is similar to the CDP-droplet transition, which
we report in a different study [59]. A qualitative expla-
nation for this transition is as follows. At large porosity
δ & 1.6, we permit more ABPs to penetrate through
the wall. These ABPs effectively change the interaction
of the aggregate particles on the other side of the wall,
which effectively manifested as a change in local tangen-
tial and normal interaction pressure components, pT , and
pN , respectively. We observe a morphological transition
when pN dominates over pT near the wall.
2. Effect of wall radius, R and system size, L.
In the case of moderate porosity 1.6 < δ < 2.0, the
aggregation at the wall takes place when particles from
both sides of the wall meet at each pore, blocking each
others passage. This mechanism requires an adequate
number of particles both inside and outside the circle.
Since the absolute number of particles inside the circle
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FIG. 4. The angular spread on the wall ∆θ/2pi for various R
(a) as a function of δ at constant Pe = 150 (b) as a function
of Pe at a moderate porosity, δ = 1.75. Below a critical
radius we observe clustering to disappear for the disconnected
droplet phase.
depends on the area of the circle, the aggregation prop-
erties can vary with a change in R, even though all the
other parameters, such as δ and Pe are kept constant. In
this section, we examine the effect of the ring radius by
analyzing the aggregation properties by varying R from
16 to 64. To investigate the effect of wall radius on the
stability of the two distinct phases, we examine the role
of changing R in two scenarios. In Fig 4(a) we show the
angular spread ∆θ of the dense-phase for different R, for
a fixed particle motility (Pe = 150), as a function of δ. In
the CDP regime (δ < 1.6), ∆θ is independent of δ, indi-
cating no qualitative change in dense-phase morphology.
However, in the LC regime (1.65 < δ < 1.9), we observe
a reduction in ∆θ when R < 22. To further analyze this
behaviour, we fix the wall porosity at a moderate value
δ = 1.75 to maintain a LC phase and vary the Pe. As
shown Fig 4(b), the qualitative behaviour of ∆θ is dif-
ferent for R < 22 in comparison to systems with larger
R, where ∆θ increases monotonically with Pe. The low
value of ∆θ for small R at large Pe is also indicative
of negligible dense-phase formation near the wall. This
disappearance of dense-phase is expected, since for a con-
stant φ, the number of particles decreases as R−2 with
the decrease in the radius, whereas the number of parti-
cles on the wall decreases as R−1. When R = R∗, the
interior of the circle has a sufficient number of particles
to block the pores, such that αφpiR∗2 = 2piR∗, where α
is a constant. For R∗ = 22 we observe α ≈ 0.3 which
is comparable to the value of Nc, the fraction of total
ABP part of the dense-phase. Increasing Pe increases
the penetration of the ABPs, leading to less clogging at
the wall.
On the other hand, for CDPs at δ . 1.55, the ABP
penetration through the wall is very low, and therefore
particles can accumulate on both sides independently.
Thus, the clustering still occurs even at a small R (anal-
ysed here till R = 16). In Fig 5(a), we plot the radial
density distribution φ(r) for δ = 1.25 and Pe = 150
for different values of R. We maintain a fixed ratio of
the ring radius to the box size with R/L = 0.15 in our
simulations, to ensure a consistent ratio of ABPs inside
and outside the ring. For large values of R, we observe
that the density outside, far away from the wall, is ap-
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FIG. 5. a) The variation of radial density distribution φ(r)
of ABPs as a function of the ring radius r for δ = 1.25 and
Pe = 150. b) The effect of system size in radial density
distribution, at δ = 1.25, Pe = 150, plotted for different box-
length L.
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FIG. 6. (a) On average and (b) over individual runs, the
number of particles on the outer wall exceeds the number of
particles in the inner wall, at most times, therefore directing
the motion of the ring opposite to the formed cluster. These
simulation are done for δ = 1.75 and Pe = 150.
proximately the same as the ABP density at the center,
while the φ(r) peaks as r → R in all cases. However, for
R . 24, φ(r ≈ 0) is almost zero. Since the majority of
the particles inside the ring accumulate on the inner ring
surface. We also consider the finite-size effects in our sys-
tem. As seen in Fig 5(b), the ABP density profile inside
the ring remains constant for an increase in L. This is
because, for a constant φ, the total number of particles
contained within the ring of a fixed radius remains con-
stant. On the other hand, an increase in the simulation
box size leads to an increase in the particles in the ring
exterior leading to a concomitant increase in φ(r).
3. Asymmetry in aggregate deposition
In our simulation, it is straightforward to examine the
fraction of the total number of particles which aggregate
on the inner and the outer surface of the circle. For a
less porous ring, ABPs are confined to their respective
regions inside and outside the boundary. Therefore, for
a constant φ, this distribution is a function of the ratio
of the area of the two regions. This property is evident
in Fig 5(b), where the value of φ(r) is higher outside the
wall at larger values of L. More interesting is the situ-
ation for a porous wall, which permits the particles to
cross from inside of the ring to outside and vice-versa.
In Fig 6 we plot separately the number of ABPs inside
and outside the ring at Pe = 150 and δ = 1.75 where
the aggregate is in LC form. We observe an asymmetry
in the number of ABP deposition, since most of the time
a larger number of particles are deposited on the outer
surface. This property is more clear in the time-averaged
number of particles on the outer, as well as on the inner
surface of the wall (Fig 6)(a). In Fig 6(b) we plot the
difference (Nout − Nin)/N for five independent simula-
tions, which reaffirms the larger number of aggregates on
the outer surface of the wall. This observation is signif-
icant as it implies that there is a net imbalance in the
active force applied by the adhered particles on the wall,
as every particle has the same propulsion.
B. Dynamics of the moving ring
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FIG. 7. Trajectory of the ring for different ABP aggregation
on the circumference for Pe = 150. The connected dense
phase corresponding to δ = 1.25 (blue), shows a more diffusive
motion for the ring, whereas the droplets corresponding to
δ = 1.75 red), show directed motion at long time scale. (b)
The mean-squared-displacement of the centre-of-mass of the
ring at δ = 1.24 (blue), and δ = 1.75 (red).
Our analysis shows that there is an imbalance in the
number of particles that adhere inside and outside of
the circular ring. This imbalance can result in a non-
vanishing net force, especially when the dense-phase
forms LC. When the circular ring becomes motile, the
non-zero net force can cause a directed locomotion of the
ring. Here we examine the possibility of using the aggre-
gation anisotropy as a possible propulsion mechanism of
a passive ring. We make ring displaces as a rigid body
due to the net force acted on its wall particles, using
the method described in section II. Keeping the radius
constant at R = 64 and activity Pe = 150, we study
the dynamics of the ring for δ = 1.25 and δ = 1.75,
where we observe CDP and LC respectively in the case
of static walls. In Fig 7(a) we plot the trajectory of the
centre-of-mass of the ring and compare it for δ = 1.25
and δ = 1.75. Although the propulsion speed and the to-
tal number of ABPs are identical for both the cases, the
ring with higher porosity covers a much larger distance
at a given time. This difference in trajectories indicates
that there exists a propulsion mechanism of porous rings
6when the dense phase is in the LC form on its surface.
The difference in the dynamics of the ring for differ-
ent δ is more evident when we compare mean-square-
displacement (MSD) of the centre-of-mass of the ring in
Fig 7(b). When the dense-phase form CDP at δ = 1.25,
the MSD shows a diffusive dynamics, indicating the lack
of long-term correlation in net forces acting on the ring.
However, for δ = 1.75 (LC), the MSD behaviour is qual-
itatively different. In this case, we observe a diffusive
behaviour at low time-scale, as in the case of CDP. How-
ever, at later times we observe a cross-over to a nearly
ballistic dynamics, indicating a more correlated force act-
ing on the ring. This cross-over from a diffusive to a near-
ballistic dynamics is similar to show a crossing-over from
diffusive motion at short time scales to super-diffusive,
is characteristic of self-propelled particles[61]. Though
the wall-particles are themselves not self-propelled, the
coordinated behavior of the aggregates in case of dis-
continuous droplets leads to directed behavior. This be-
haviour clearly indicates that it is possible to extract use-
ful work from the bath of ABPs without inducing any
shape anisotropy of the passive particle. We note that
the self-propulsion is most effective when the dense-phase
form a LC on the surface, at moderate values of δ.
IV. SUMMARY
We have studied the morphological transitions in ag-
gregates in the presence of circular porous walls and stud-
ied its variation with wall porosity and particle mobility.
We observe a qualitative change in aggregate morphology
as the wall porosity is increased from a small to moderate
value, from a continuously spread cluster to a localized
cluster. At high porosity, the aggregation on the wall
becomes negligible. We also show that the aggregation
behaviour depends on the radius of the ring, especially
at moderate porosity values where the aggregate forms a
localized cluster. When the ring radius is smaller than a
critical value, the aggregation on the ring becomes neg-
ligible. We also observe an imbalance in the number of
ABPs aggregated outside and inside of the ring. This im-
balance causes a net non-vanishing force in the localized
cluster geometry. We show that it is possible to make
use of the net force on the ring, and convert into a di-
rected motion and thereby extract useful work out of the
system.
Our numerical study is significant in understanding
the collective spreading of self-propelled elements on sub-
strates. The transition from a connected dense-phase to
localized clusters is already reported in planar, porous
walls in a previous study [59]. This study shows that
such a transition exists even in the case of curved sub-
strates. Additionally, we also show that the effect of
the wall radius in dense-phase behaviour is significant.
Knowledge of such spreading behaviour will be useful
to design geometries that prevent the spreading of mi-
crobes, especially in the context of recent studies show-
ing the significance of MIPS in microbial adhesion on
substrates [62]. Additionally, we show that one can ex-
tract useful work out of the system without externally
inducing shape anisotropy in substrates. This observa-
tion will be interesting in the context of recent studies on
the design of active heat engines.
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